Abstract. Silicon, shallow junction, Geiger-mode avalanche photodiodes (APDs) can be manufactured with complementary metal-oxide semiconductor (CMOS) compatible processing steps and provide singlephoton-counting sensitivity. As we move toward providing integrated detection of increasingly nanoscopic-sized emissions, small-area detectors and arrays that can be easily integrated into marketable systems will be required. Geiger-mode diodes with diameters of 10, 15, and 20 m are manufactured and the dark counts measured at 10 V above breakdown are 9, 95, and 990, respectively, at room temperature. The simulated and measured optical crosstalk is found to be significantly reduced for detector pixel pitches beyond 300 m. The activation energy of the dark count with temperature is found to be 0.58 eV, representing an order of magnitude drop in dark count for every 27°C decrease in temperature. The responsivity of the detectors, without antireflection coatings, is found to peak between 550 and 650 nm with a photon detection probability of 43% at 10 V above the breakdown voltage. The low dark counts of the detectors and high photon detection probability highlight the potential these detectors have for fluorescence decay experiments and also in future integrated photonic detection systems.
Introduction
Sensors capable of detecting single photons are required for astronomy, 1, 2 laser ranging, 3 optical time-domain reflectometry 4 ͑OTDR͒, single-molecule detection, 5 fluorescence decay, 6, 7 and ultraweak biochemiluminescence measurements, 8 to name a few. The photomultiplier tube ͑PMT͒ is normally used in these applications because of its low dark count and large detection area. For fluorescence decay measurements, detector choice depends on the specific application and detectors such as PMTs 7, 9 or the solid state single-photon-counting module 1, 7, 9, 10 ͑SPCM͒ have been successfully used for single-photon counting. Detection systems for integrated fluorescence decay measurements require low dark count, low pixel-to-pixel crosstalk, high photodetection probability, fast time response, low afterpulsing probability, and high sensitivity to 500 to 650 nm photons. Afterpulsing is the phenomenon by which trapped charge carriers from previous breakdown events are released and contribute to creating a subsequent avalanche event, which may be recorded as a legitimate count, but is in fact a false count. 11, 12 Afterpulsing therefore increases the noise in the device. Afterpulsing can be minimized through reduction in process-induced defects and optimized quenching circuits. 13 For fluorescence decay experiments, short-wavelength sensitivity is necessary to detect commonly used fluorescent tags such as fluorescein, rhodamine 6G, tetramethylrhodamine, lissamine rhodamine, and Texas red, which fluoresce at Ϸ525, 550, 575, 600, and 625 nm, respectively, 14 and for our experiments, with long lifetime Pt porphyrin probes, which are excited with UV light and fluoresce at 15 Ϸ650 nm. Because of their excellent quantum efficiency, magnetic field immunity, low afterpulsing, robustness, long operating lifetime, and moderate production costs, solid state detectors that operate at noncryogenic temperatures and provide single-photon detection capabilities are desirable. The solid state SPCM is a useful device because of its large effective area ͑Ϸ175 m in diameter͒ and photon-counting capability, but it has not been implemented in an array due to the non-CMOS-compatible processes used in its manufacture.
The move toward ubiquitous medical testing solutions, microfluidics with ''labs on a chip,'' and the need to produce marketable nanotechnology applications will require detectors with integrated readout circuitry in a manufacturable process. Nanoscale technologies and single-moleculeemission processes should not have to rely on bulky focusing optics with large-area detectors and external readout and signal processing technology. In fact, the use of largediameter detectors negatively affects the ultimate speed with which the detector can respond as the capacitance associated with larger detectors limit the total speed achiev-able for a given detector geometry. It is seen that what is required for the future is small-area detectors that can be integrated in dense arrays and provide a high degree of sensitivity and a path toward integrated electronic readout and signal processing. A small chip such as this should combine the biochemical reaction, detection, and processing in a single manufacturable unit.
Shallow Junction Geiger-Mode APD
Shallow-junction Geiger-mode avalanche photodiode ͑APD͒ detectors provide single-photon-counting capability using CMOS-compatible fabrication steps. Geiger-mode APDs are based on a shallow p-n junction, which makes them ideally suited for detection of short wavelengths of light. The schematic of a shallow junction Geiger-mode APD detector is shown in Fig. 1 . For this work Geigermode APDs were manufactured in p-type epitaxially grown bulk silicon using a conventional 1.5 m CMOS process. The p layer, which defines the active area and the breakdown voltage, was ion implanted, while the n ϩ cathode was diffused to limit junction damage, increase defect gettering, and decrease the dark count of the APDs. The n ϩ cathode overlaps the p layer to form a virtual guard ring, which is necessary to prevent premature edge breakdown allowing above breakdown operation of the active area. The p ϩ implants at the edges of the structure form the anode contact and allow a planar structure, which facilitates onwafer probing and is ideally suited for future flip-chip bonding into hybrid integrated systems.
The structure in Fig. 1 can be used over a wide range of operational modes, enabling detection of photons from ambient light to single-photon levels, depending on the reverse bias applied and the readout and control circuitry used.
Photodiode Mode
For detection of high photon fluxes a small reverse bias between 1 and 5 V is applied to the diode. Incident photons generate electron/hole ͑e/h͒ pairs within the device, which are separated by the depletion region and collected at the anode as a current flow. In photodiode mode, no gain is experienced by the photoelectrons and external amplifiers are needed to amplify the current to a measurable level.
Avalanche Mode
By increasing the applied bias to just below the breakdown voltage it is possible to operate the detector in avalanche mode. 16, 17 In avalanche mode, the voltage across the diode creates a high electric field in the depletion region, which is above the impact ionization threshold for electrons and holes. Incident photons generate e/h pairs as in photodiode mode. In avalanche mode, however, the charge carriers undergo acceleration that increases their kinetic energy as they travel across the depletion region. This increase in kinetic energy and subsequent interactions with the silicon lattice leads to impact ionization and a net gain in the number of charge carriers as each charge carrier generates two additional charge carriers for each impact ionization process that occurs. In avalanche mode, gains of between 10 and 200 are typical at voltages just below the breakdown voltage of the diode. 16 
Geiger Mode
In Geiger-mode operation the APD is biased beyond electrical breakdown. The device can remain in this state until a free carrier that is generated in or enters the depletion region is accelerated by the electric field and acquires sufficient energy to result in a self-sustaining avalanche current.
The current flow during a breakdown event is limited by diode self-heating, space-charge effects, 18 the external circuitry, or quench circuits. 13, 19 Limiting the current flow in the detector and turning off the breakdown current is important to enable the detector to detect a subsequent photon as well as ensuring that afterpulsing phenomena in the detector are kept to a minimum. 11 Ideally the free carrier that initiates breakdown is generated by an incident photon. However, e/h pairs can also be generated within the device depletion region by thermal generation of carriers through Shockley-Read-Hall ͑SRH͒ generation centers, or by bulk diffusion of minority carriers from the quasineutral region. The generation of e/h pairs and thermal bulk diffusion represent a characteristic noise of the detector and sets a limit for the ultimate sensitivity of Geiger-mode APDs. 20 In the absence of light the electrical effect of these mechanisms is termed the dark count rate, and is a measure of the number of false photon counts generated by the detector per second. Typical dark count levels for 20 m-diam circular diodes shown in Fig. 1 are between 10 and 2000 counts/s, as measured at room temperature. 16 For comparison, several commercially available detectors are compared with the our detector in Table 1 .
Optical Crosstalk
Silicon reverse-biased diodes emit light when they are operated at the breakdown voltage of the diode. 21 This fact has led to a problem in the realization of integrated Geigermode APD arrays. The emitted photons from a single detector lead to blooming in the detector array. The light emission in silicon and subsequent optical coupling between the detectors has meant that only discrete avalanche detectors have been successfully manufactured and commercialized. Several approaches to eliminate the optical coupling have been proposed. Mathewson et al. 22 proposed that trench isolation of silicon-on-insulator ͑SoI͒ arrays could provide sufficient optical and electrical isolation and work by the authors is ongoing to realize this. Kindt has manufactured arrays in which deep trenches in bulk silicon were filled with the metal one layer. 23 Kindt's approach shows that optical coupling can be eliminated. His approach, however, cannot be implemented in a single metal process and it does not eliminate electrical coupling between detectors as a common substrate is used.
Without the use of special substrates it is important to fully understand the optical coupling mechanism to design spatially separated arrays in which the spatial separation is sufficient to minimize or eliminate the optical coupling mechanism.
Model
A 2-D and a 3-D model were developed to aid in designing spatially separated Geiger-mode APD pixel arrays. The model developed assumes a spherical photon flux from the emitting detector, and includes the photon emission factor for a given reverse bias current along with the absorption of light in silicon. Only light within the solid angle from the detection volume of an adjacent detector to the point source is assumed to be coupled.
Two-dimensional model simulation
To determine the maximum amount of optical coupling that could occur in a perfect detector array, a 2-Dimensional model based on Fig. 2 was developed. From Fig. 2 it is assumed that photons radiating from a point source spread out in a spherical pattern. For the 2-dimensional model, d z in Fig. 2 is assumed to be zero and it was assumed that all of the emitted photons follow a circular emission pattern ͑and not spherical as in the 3-dimensional case͒. The proportion of the emitted light captured by the cross-section of the square (d x ϫd y ) collection area less the photon attenuation with distance in silicon determines the number of photons that are absorbed in the detector area that could lead to a breakdown.
Three-dimensional model
The 3-D model is shown in Fig. 2 . It is assumed that the p-epi layer in the actual structure will limit d z to 10 m. Therefore the emitted photons follow a semispherical emission flux and only photons that enter into the collection volume set by d x , d y , and d z can possibly initiate an avalanche breakdown event.
Avalanche Initiation
A Geiger-mode APD has a finite probability of detecting an incident photoelectron in the depletion region. This probability increases with excess bias above the breakdown voltage 24 and is termed the avalanche initiation probability ( P ai ) which can be calculated using Oldham's equations. 24 For a worst case simulation, however, P ai is assumed to be unity. An avalanche initiation probability of unity indicates an ideal detector in which every incident photoelectron generates a breakdown event. This is a valid assumption as the avalanche initiation probability approaches unity for diodes with bias voltages of 10 to 15 V in excess of the breakdown voltage is applied. 20 
Photon Emission
Light emission from a reverse-biased p-n junction has been shown to depend on the reverse bias current flowing through the diode. Equation ͑1͒ represents the photon flux emitted from a reverse biased Geiger-mode APD,
in which I diode is the reverse bias diode current, q is the electronic charge, and ␥ is taken as the emission coefficient with values taken from the literature. Values for the emission coefficient ͑␥͒ in the region of 2.9ϫ10 Ϫ5 photons per incident electron have been measured from similar Geigermode APD structures. 25 To accurately simulate the broad spectrum photon emission it was necessary to account for the variation in the 26 in which the light emission in p-n diodes was measured and then accurately simulated as a function of two intraband recombination mechanisms. The wavelength dependence of the emitted photons is shown in Fig.  3 along with the calculated photon spectral emission intensity calculated assuming a 100-A current flow in Eq. ͑1͒.
Photon Attenuation
It is well known that photons are absorbed in silicon depending on the wavelength of incident light. 27 Shorter wavelength photons ͑blue͒ travel less distance into the silicon layer before creating e/h pairs than longer wavelength photons ͑red͒. This attenuation follows the equation
I͑,x ͒ϭI photon ͑ ͒exp͓Ϫ␣͑ ͒x͔, ͑2͒
where I photon () is the initial photon flux found in Fig. 3 , and ␣͑͒ is the absorption coefficient from Sze. 27 The silicon lattice is assumed homogeneous and the number of photons at each position x from the emitting diode can be found as a function of wavelength. Consequently by knowing the number of photons present at x 1 and subtracting the number of photons that remain at x 2 , the number of photons that undergo ionizing reaction in each collection volume can be determined.
Simulation results showing the spectral dependence on initiated breakdowns generated in pixels of 50 m to 150 m pitch from a neighboring point source are shown in Fig. 4 . The wavelength dependence of the photon attenuation is seen clearly in Fig. 4 with almost all of the photon intensity below 600 nm attenuated by a separation radius of 50 m.
The calculation of the pixel-to-pixel crosstalk amongst Geiger-mode APDs can be accomplished by integrating the breakdown contribution across the wavelength and collection volume. By assuming an ideal detector in which any photoelectron will be collected and detected within a collection volume of area d x ϫd y , the worst case optical coupling between detectors can be calculated for varying pixel separations. The 3-D case can also be modeled using the same integral, and taking into account d z , which in this case is 10 m. The 2-D and 3-D results for pixel separations between 100 and 600 m are shown in Fig. 5 . From  Fig. 5 the pixel separation can be determined based on the system tolerance for optical crosstalk.
To determine the validity of the model presented, the optical crosstalk was measured using a 1ϫ10 pixel array with a 165 m pitch. The optical crosstalk was measured as a function of pixel separation by measuring the increase in dark count when operating two pixels simultaneously. A 150-k⍀ passive quench circuit 19 was used and a hold off time of approximately 10 s was obtained. As can be seen from Fig. 6 , the separation of pixels by 330 m of silicon is sufficient to reduce the optical coupling almost to dark count levels. Some coupling does still exist, however. To reduce this optical coupling further in integrated systems it will be necessary to investigate electrical and optical isolation of pixels and multiplexed pixel operation for dense arrays below 330 m separation. It is also possible to op- Fig. 3 Wavelength characteristics of the light emission in silicon data from Akil and converted to percentages of light emission. 26 The number of photons per wavelength is also shown using a photon emission coefficient of 2.9ϫ10 Ϫ5 emitted photons per electron crossing the depletion region of a reverse-biased p-n junction with 100 A current flow. erate the detectors using active quench circuity, 28 which limits the current flow during breakdown, thus lowering the optical crosstalk even further.
Dark Count
To assess these detectors for integration into a DNA microarray detection system 28 the dark count for circular APDs with diameters of 10, 15, and 20 m was measured at bias voltages of 5 to 15 V above their breakdown voltage. Figure 7 shows the dark count for the 10-to 20-m diodes operated at various voltages above breakdown in a light tight enclosure. The dark count was obtained by counting the output pulses from a simple active quench circuit described by Nightingale 2 and Phelan et al. 28 The room temperature dark counts obtained for the 10 and 15 m detectors ͑see Table 2͒ is comparable with that of commercially available cooled detector systems ͑see Table 1͒ . Large-active-area detectors are useful for improving the collection efficiency and for easing alignment tolerances in fluorescence decay experiments. A common problem for shallow-junction Geiger-mode detectors, however, is that the detector dark count does not scale linearly with area ͑see Table 2͒ . This places a constraint on the useful diameter of shallow junction Geiger-mode APDs while still operating with low dark counts and low afterpulsing. The use of the 20 m detectors for most applications requires simple thermoelectric cooling but the 10 and 15 m detectors are suitable for room temperature operation and are ideally suited for integration into detection systems. Since the detector active area is small, compared with commercial detectors in Table 1 , care must be taken to ensure that the working distance between detector and sample size is as small as possible, i.e., integrated applications.
Temperature Effects
It has been calculated 20 that the theoretical minimum dark counting rate for room temperature operation of a 20 m Geiger-mode APD is Ϸ30 to 40 counts/s. Because the dark count is primarily caused by generation of e/h pairs through SRH generation, and diffusion of thermally generated e/h pairs into the depletion region, simple thermoelectric coolers ͑TECs͒ can be used to maintain temperature stability and provide an extremely robust single-photon-counting system. 2 TECs can also be used to minimize the dark count to levels adequate for photon counting. The dark count from a sample 20 m detector was measured at 10 V in excess of the breakdown voltage using an active quench circuit with a hold off time of 125 ns. The diode was mounted with good thermal conductivity in a light-tight cryostat enclosure. The temperature was varied and the dark count monitored. The effect of decreasing temperature on the dark count is shown in Fig. 8 . The dark count was shown to have a 0.58-eV dependence on temperature over the ϩ25 to Ϫ10°C temperature range measured, indicating an order of magnitude decrease in dark count for every 27°C drop in temperature. Trap lifetime increases with decreasing temperature and afterpulsing is increased at reduced temperatures. However, for the long hold off time used in this measurement the effect from the lifetime increase was not observed. 
Detection Probability
The photon detection probability was measured as a function of the wavelength. Optical filters with approximately 10 nm bandpass centers were used to filter specific frequencies from a halogen light source. The detector was placed perpendicular to the light source, biased at 10 V in excess of the breakdown voltage, and the count rate was measured using an active quenching circuit. The hold off time was adjusted to 225 ns to ensure that afterpulsing was not occurring. A commercial reference detector was used to calibrate the photon flux rate. The results of this measurement ͑shown in Fig. 9͒ illustrate peak responsivity between 550 and 650 nm. This is ideal for the detection of many of the commercially available fluorescence tags. The peak detection efficiency of 43% is excellent considering no antireflection coatings were used on the test devices.
Conclusions
This paper has shown a 2-D and a 3-D model developed to simulate the optical coupling between Geiger-mode APDs. Pixel-to-pixel separation beyond 300 m in simulations and measurements on a fabricated 1ϫ10 pixel array showed crosstalk was approaching background dark count levels. The dark count was measured for diodes ranging in size from 10 to 20 m diameter with 95 dark counts/s measured for 15-m-diam samples at room temperature. Temperature measurements showed a 0.58-eV activation energy for the dark count, which signifies an order of magnitude improvement in dark count for every 27°C decrease in temperature, which is well within the range of standard TECs to provide sufficient cooling. Responsivity and photodetection probability measurements were obtained and a peak response between 550 and 650 nm-wavelength light and 43% photon detection probability show promise as potential detectors for integration into fluorescence decay microarray systems. 
